Intermediate filaments (IFs) are abundant structures found in most eukaryotic cells, including those in the nervous system. In the CNS, the primary components of neuronal IFs are α-internexin and the neurofilament triplet proteins. In the peripheral nervous system, a fifth neuronal IF protein known as peripherin is also present. IFs in astrocytes are primarily composed of glial fibrillary acidic protein (GFAP), although vimentin is also expressed in immature astrocytes and some mature astrocytes. In this Review, we focus on the IFs of glial cells (primarily GFAP) and neurons as well as their relationship to different neurodegenerative diseases.
Introduction
Intermediate filaments (IFs) are 8-10 nm structures that, together with microtubules (24-26 nm) and microfilaments (6-8 nm) , form the cytoskeleton that is present in nearly all eukaryotic cells. In the nervous system, IFs are present in neurons and astrocytes, although they are absent from oligodendrocytes, which form the myelin sheath in the CNS. IF proteins are structurally related and part of a large family of proteins that includes keratins and nuclear lamins (see Figure 1 for a diagram of neuronal and glial cell IF proteins).
The major IF protein in astrocytes is glial fibrillary acidic protein (GFAP), although there are lower levels of other IFs, including nestin, vimentin, and synemin. Recent studies have revealed the presence of multiple isoforms of GFAP (Figure 1 ), which may be differentially expressed in reactive versus resting astrocytes. To date, the only specific connections between any of these astrocytic IF proteins and particular diseases remain those between the most abundant α isoform of GFAP and the leukodystrophy/ neurodegenerative disorder Alexander disease. In the CNS, the major neuronal IF proteins are the neurofilament triplet proteins (NFTPs) - low-molecular weight neurofilament subunit (NFL) (68 kDA), middle-molecular weight neurofilament subunit (NFM) (160 kDA), and high-molecular weight neurofilament subunit (NFH) (205 kDA) - and α-internexin. In the peripheral nervous system (PNS), peripherin is also expressed along with the NFTPs (reviewed in ref. 1) . In this Review, we discuss the role of mutations in neuronal and glial cell (mainly GFAP) IF protein-encoding genes in the formation of intermediate filamentous accumulations and the pathogenesis of neurodegenerative diseases.
Astrocytes, IFs, and disease
The causal role of mutations in GFAP and Alexander disease has been well reviewed during the past few years (2, 3) . Here, we concentrate on newly published aspects of GFAP and Alexander disease research as well as on other topics relating to GFAP and disease that have not been addressed by previous reviews.
GFAP mutations and Alexander disease. Alexander disease, first described in 1949 (4), is a rare leukodystrophy (disorder characterized by failure or loss of myelin, leading to progressive degeneration of the white matter of the brain) of unknown incidence that nearly always results from dominantly acting mutations in the coding region of GFAP (5) . Most patients experience their first symptoms (such as seizures or developmental delays) before they are two years old. The disease is characterized by dramatic loss of white matter in the frontal lobes, and the patients suffer progressive deterioration, with death before the age of 6. Although this is the most common form of Alexander disease, later onset and milder forms of the disease also exist, sometimes without any white matter defects at all. The hallmark pathological feature is the presence of protein aggregates known as Rosenthal fibers within the cytoplasm of astrocytes, especially those in subpial, subependymal, and perivascular locations (Figure 2 ). These fibers are complex ubiquitinated stress protein inclusions that contain a still undefined number of constituent proteins in addition to the mutant GFAP.
To date, no GFAP mutations that lead to an absence of GFAP or truncated protein have been found in Alexander disease patients, and the mutations that cause Alexander disease lead to the synthesis of GFAP variants with subtle amino acid changes that are thought to act in a toxic gain-of-function fashion. The α isoform of human GFAP contains 432 amino acids (Figure 1 ), and presently 91 mutations affecting 62 amino acids have been associated with Alexander disease. A complete listing of all published (and some unpublished) mutations is maintained at the Waisman Center of the University of Wisconsin-Madison (http://www.waisman.wisc. edu/alexander/mutations.html). A separate listing of GFAP mutations and polymorphisms is maintained as part of the Human Intermediate Filament Database (http://www.interfil.org/) (6), which includes fewer mutations than the Waisman database but provides more detail about each one.
As described in previous reviews, the Alexander disease-associated GFAP mutations seem to lead to accumulations of GFAP protein, and it may be this elevation of protein that is more deleterious to the astrocytes than the mutant protein itself. The specific aspects of astrocyte functions that are compromised by the mutations have not yet been discovered. However, the mechanisms leading to protein accumulation are starting to be revealed. As with other protein aggregation disorders of the CNS, several lines of evidence suggest that decreased degradation plays a key role. Studies in cell lines, animal models, and human tissues all indicate activation of several stress-response pathways within astrocytes that express mutant GFAP (7) (8) (9) . For instance, expression of the R239C form of GFAP, which is one of the most common Alexander disease-associated mutations, activates JNK and p38 kinases, with resulting impairment of proteasomal function (9) . Decreased proteasomal activity has also been found in primary cultures of astrocytes prepared from mice expressing the R236H mutation (equivalent to the R239H human mutation) as a knockin at the endogenous Gfap locus (10) . How many substrates besides GFAP are affected by this inhibition of proteasomal activity is not yet known. Since GFAP has a long halflife in vivo (11), interfering with protein degradation could have prolonged effects. The oxidative stress that is clearly present in astrocytes expressing GFAP mutants also likely leads to increased transcription from the GFAP gene (12) , so that both increased transcription and decreased degradation could promote protein accumulation. The mechanisms leading to increased transcription have yet to be determined.
Other proteins of importance for neurodegenerative disease, such as α-synuclein, are degraded by both proteasomal and autophagic pathways (13) . Although autophagy was not previously thought to contribute to GFAP degradation, it appears that this pathway is actually enhanced in the context of mutant forms of GFAP associated with Alexander disease and by GFAP accumulation (14) . These changes were evident not only in transfected cell lines but also in tissues and cells from mouse knockin models of Alexander disease and the brains of patients with Alexander disease. Morphologically, microtubule-associated protein 1 light chain 3 (LC3), a marker of autophagosomes, localizes close to Rosenthal fibers, and EM studies of cell lines, mouse tissues, and one patient with Alexander disease have revealed membranebound structures similar to autophagosomes and autolysosomes next to Rosenthal fibers (14) . Autophagy was also recently shown to be an adaptive response in a cardiomyopathy resulting from mutations in αB-crystallin associated with aggregation of another IF protein, desmin (15) .
The impact of autophagy on GFAP levels is indicated by several observations. Treatment of transfected U251 human astrocytoma cells with an inhibitor of autophagy led to further elevation of GFAP levels, while induction of autophagy reduced GFAP levels as well as the number of inclusions found in the cells (14) . These changes in autophagy did not have measurable effects on global protein degradation, implying some level of selectivity for GFAP and perhaps other components of the aggregates. In the model proposed by the authors of this study (14) , the stimulation of autophagy is not enough to counteract the effects of proteasomal inhibition, so GFAP accumulation ensues. Of potential therapeutic significance, the autophagy response seemed to be regulated, at least in part, by mammalian target of rapamycin (mTOR) and was enhanced in the presence of the mTOR inhibitor rapamycin. Hence, rapamycin and its analogues, currently the topic of much clinical investigation for other disorders (16), should be evaluated for possible utility in Alexander disease.
The mutant forms of GFAP associated with Alexander disease display a shift in the equilibrium from the soluble (i.e., monomers to small oligomers) toward insoluble (assembled filaments or aggregates) pools (17) and drag IF-associated proteins such as αB-crystallin and probably plectin in the same direction (18, 19) . Among the minor isoforms of GFAP, GFAP-δ ( Figure 1 ) seems preferentially expressed in the same populations of astrocytes that contain the most Rosenthal fibers (i.e., subpial and periventricular astrocytes) (20) . Recent studies show that GFAP-δ alters the binding of αB-crystallin to GFAP filaments (18) . In normal human spinal cord, GFAP-δ accounts for less than 10% of the total GFAP. Whether GFAP-δ is disproportionately increased in Alexander disease tissue, further affecting filament solubility and association with IF-associated proteins, remains to be determined.
The stress response that is activated in astrocytes in individuals with Alexander disease could be both deleterious and beneficial. Studies in cell culture suggest that such astrocytes are compromised in their ability to respond to further stress, such as from camptothecin or hydrogen peroxide (9, 10) . However, very recent work indicates that enhancing the upregulation of astrocytic αB-crystallin can offer dramatic rescue from the otherwise lethal effects of GFAP mutation and excess (21).
Figure 1
The major IF proteins in neurons and glial cells. A "typical" IF protein consists of an N-terminal head region, a rod region that contains four α-helical regions (helices 1A, 1B, 2A, and 2B), and a C-terminal tail region. Different isoforms of GFAP are shown: GFAP-α and GFAP-β are full-length GFAP proteins; the mRNAs encoding these two proteins differ in the 5′ UTR. GFAP-γ is encoded by an mRNA that has an alternate start site and is missing exon 1. The mRNAs encoding GFAP-δ, GFAP-ε, and GFAP-κ are generated by alternative splicing of intron 7, with variable use of exon 7+, to create proteins with different C-terminal tail sequences. Only single isoforms of α-internexin, NFL, NFM, and NFH are shown. The gray areas in NFM and NFH contain multiple phosphorylation sites. Full-length peripherin (Per58) is shown as well as Per61, a mouse isoform that retains intron 4 (96) , and Per28, which is a mouse and human isoform that retains introns 3 and 4, resulting in a truncated peripherin (97) .
GFAP and potential links to gigaxonin?
A protein with functional significance for both neuronal and glial IFs is gigaxonin. Mutations in gigaxonin are responsible for the disorder giant axonal neuropathy (GAN) (OMIM 250850) (22, 23) . Gigaxonin functions as a substrate adaptor for a Cul3-E3 ubiquitin ligase complex and facilitates proteasomal degradation of several cytoskeleton-associated proteins (24) . The mechanism by which loss-of-function mutations in gigaxonin interfere with the IF system is not known, yet a hallmark feature in individuals with GAN is the accumulation of neuronal IFs in axons of the PNS and CNS (25) (26) (27) . Abnormalities are also seen in other IFs and outside the nervous system (26, 28, 29) . Within the CNS, Rosenthal fibers have been described in several patients with GAN (25, 27, 30) . It is intriguing to speculate that loss of gigaxonin affects GFAP, causing it to accumulate and aggregate in a manner similar to its effects on other IFs, and may even produce Alexander disease-like pathology. A recent authoritative review of the MRI features of leukodystrophies comments on the similarities between GAN and Alexander disease with respect to lesions in the white matter (31) .
A gigaxonin-deficient mouse has been generated (32) . These mice have no obvious clinical symptoms and exhibit a normal lifespan. The levels of the neuronal IF proteins and vimentin were all modestly increased in the CNS, but there was no apparent change in the levels of GFAP. IF-containing aggregates formed preferentially in cerebral cortex and thalamus and were composed primarily of α-internexin and hypophosphorylated NFH. Only minimal changes in axon caliber were found, and no giant axons were ever observed, although there was a small loss of motor axons in ventral roots, with corresponding evidence of mild denervation in muscle. Whether these mice have any astrocyte inclusions similar to those in individuals with GAN remains to be established.
GFAP as a biomarker in cerebrospinal fluid and serum. Apart from its role as a causal element in disease, it is worth considering how simply measuring GFAP levels in various body fluids might be useful for monitoring and diagnosing disease. Cerebrospinal fluid (CSF) has long been exploited as a relatively noninvasive way to biopsy the CNS. GFAP is normally present at low levels in this fluid, thus requiring the development of sensitive methods of detection, typically by sandwich ELISA (33) . Direct comparisons of the absolute levels of GFAP found in the CSF by different laboratories have been difficult, with various groups reporting mean levels in healthy individuals ranging from below 10 ng/l to nearly 4000 ng/l (34-36). Sexual phenotype seems to have no effect (36, 37) , and there is a dispute about whether age is a confounding variable (36, 38) . Details of methodology and definition of the control groups may account for some of these differences (see ref.
36 for a good discussion on this point), but these discrepancies also highlight the importance of each laboratory establishing its own reference range. Why GFAP should be present in the CSF of healthy individuals is an open question, as astrocytes do not secrete the protein (39) . Its presence presumably reflects some baseline level of astrocyte death, with release of cytoplasmic contents into the extracellular space.
With these caveats in mind, it appears that GFAP levels in CSF are elevated in association with a number of neurological conditions reflecting a wide range of etiologies, including vascular, traumatic, developmental, genetic, inflammatory, neoplastic, and degenerative (Table 1 ) (a more comprehensive listing on this topic is provided in Supplemental Table 1 ). In some situations, the GFAP level is evaluated in comparison with other biomarkers thought to be indicative of neuronal damage, such as the presence of neurofilaments in CSF (34, 40) . Generally, the elevations are modest in slowly progressive conditions such as dementia and MS and higher but transient in other conditions such as vascular accidents, trauma, and infection. In some situations, the level of GFAP in CSF may have prognostic value (41) (42) (43) . For instance, in patients with subarachnoid hemorrhage, GFAP levels 6 days after the event were approximately 8-fold higher in nonsurvivors compared with survivors (43) . In other conditions, GFAP levels in CSF seem to drop in response to treatment, for example, in patients with neuromyelitis optica given corticosteroid therapy (44) . It should be noted that the measurement of GFAP has yet to achieve the status of clinical application for any of these conditions.
Among the disorders showing the highest levels of GFAP in the CSF are two in which astrocytes are considered either the direct target or cause of disease, neuromyelitis optica and Alexander disease. The hallmark feature of neuromyelitis optica is the presence of antibodies specific for the relatively astrocyte-specific protein aquaporin-4, a membrane-associated water channel that plays a critical role in volume regulation and the evolution of edema in response to injury. In one cohort of ten patients with neuromyelitis optica, all had elevations of GFAP in the CSF, and several had extraordinarily high levels (44) . These studies further implicate damage to astrocytes as an important feature of the disease. For Alexander disease, GFAP levels in CSF have now been reported for three patients (45) . This is a very small set of patients, and the degree to which GFAP levels in CSF were elevated was variable. However, since GFAP is the root cause of Alexander disease and elevations of GFAP within astrocytes are thought to be central to the pathogenesis (see above), its measurement might prove especially valuable in this particular condition for assessing either severity or progression. For instance, the highest levels in this study were found in patient 2, who although intermediate in terms of age of onset, was rapidly deteriorating at the time of biopsy.
As might be expected with an intact blood-brain barrier, GFAP is usually undetectable in serum (despite its presence in CSF) in the absence of disease or injury. Nevertheless, in certain settings, GFAP does appear in serum, especially in relation to trauma and vascular accidents (Table 2 ) (a more comprehensive listing on this topic is provided in Supplemental Table 2 ). Simultaneous determinations of both CSF and serum GFAP levels has only been performed in two studies (in both cases when no significant changes were noted for serum for the diseases under study), and the mean levels for serum were approximately three- to six-fold lower than in CSF (46, 47) . GFAP has only been detected in urine once, in a child who died of septic shock (48), although the exact GFAP levels were not given. All values have been converted to ng/l to facilitate comparison. Unless otherwise noted, values are given as mean ± SD. AD, Alzheimer disease; Gr, grade; NPH, normal pressure hydrocephalus; SP, secondary progressive; PP; primary progressive; SA, subarachnoid; TBI, traumatic brain injury; NR, not reported. Site refers to lumbar (L) or ventricular (V) points of collection of CSF if specified by the authors -others are most likely lumbar. A Values for controls surrounded by brackets were derived from a prior study, literature, or manufacturer using the particular assay. B Data were presented in graphical form, from which these are estimated values. C Whether SD or SEM was not specified. D The outlier value at the high end was from a patient who had autopsyproven Creutzfeldt-Jakob Disease.
Some cells outside the CNS also express low levels of GFAP, particularly nonmyelinating Schwann cells and enteric glial cells. A recent report indicates that GFAP is elevated in serum (and CSF) of patients with both axonal and demyelinating forms of GuillainBarré syndrome (49) , an adult-onset autoimmune disorder of the PNS of unknown etiology. It would be interesting to search for elevations of serum GFAP in other disorders where there are suspected abnormalities of peripheral GFAP-expressing cells, such as inflammatory bowel disease (50) .
Neuronal IFs and disease
The major neuronal IF proteins in both the CNS and the PNS are the NFTPs (NFL, NFM, and NFH). In the CNS, α-internexin is also abundantly expressed in the same filament system as the NFTPs, whereas in the PNS, another neuronal IF protein, peripherin, is expressed (Figure 1 ). Neuronal IFs form the major structure in the axon, and axon diameter correlates with neuronal IF content. In a number of neurodegenerative diseases, large accumulations of neuronal IFs, known as spheroids, have been observed in neuronal cell bodies, as well as in axons.
Knockout and overexpression of neuronal IFs. To determine the importance of neuronal IFs in human neurodegenerative diseases, the genes encoding the major neuronal IF proteins have been knocked out in mice as well as overexpressed. Surprisingly, mice lacking neuronal IFs cannot readily be distinguished from their wild-type or heterozygous littermates, although they exhibit various degrees of reductions in axonal caliber and changes in spacing between the neuronal IFs (Table 3) . These knockout mice have been described in more detail elsewhere (51), and we only summarize the most salient features here. NFL-deficient mice exhibit reduced axonal diameter and age-related death of approximately 20% of motor axons (52) . Mice lacking some of the other neuronal IF proteins also exhibit changes in axonal diameter (Table 3 ) (see also refs. 51, 53) . The relationship between the phenotypes of these neuronal IF protein-deficient mice and human diseases is not evident, since no reports of humans lacking any of the neuronal IF proteins have been reported to date. However, in the mutant quail quiver, the absence of NFL, and therefore the absence of neuronal IFs, leads to the "quivering" phenotype (54) , suggesting that the absence of neuronal IFs in humans would lead to much more severe symptoms than in mice.
Since neurofilamentous inclusions are major hallmarks of a number of different neurodegenerative diseases, mouse and human NFTPs have been overexpressed in transgenic mice (Table 3) . Overexpression in mice of human NFTPs can lead to neuronal dysfunction. Levels of expression may be important in determining the severity of the phenotypes. In general, less serious effects are seen with the overexpression of mouse NFTPs, and the overexpression of multiple neuronal IF proteins can lead to increased radial diameter (reviewed in ref. 51) . A dominant negative mutant NFH, when overexpressed in mice, led to perikaryal neurofilamentous accumulations due to a block of transport of neuronal IFs into the axon (55). Axon diameter was reduced, and some Purkinje cell death was observed in older mice (56) . Interestingly, both peripherin and α-internexin overexpression lead to neurodegeneration and neuronal cell death (57, 58) . The possible relationship between these two neuronal IFs and neurodegeneration is discussed later. The expression of a mutant NFL in which a leucine residue in the rod domain was mutated to proline resulted in abnormal accumulations and degeneration of spinal motor neurons. Finally, studies from Willim Schlaepfer's laboratory suggest that there is an element in the 3′ UTR of NEFL (the official name for the gene encoding NFL) that when mutated results in motor impairment in transgenic mice (59) . p190RhoGEF, an RNA- binding protein that binds to this 3′ UTR regulates the stability of NFL-encoding mRNA and interacts with NFL proteins as well. p190RhoGEF also colocalizes with aggregates of NFL subunits in degenerating motor neurons, providing a link among aggregation, expression of NFL, and motor neuron disease (60) . Posttranscriptional regulatory mechanisms have been implicated in controlling expression of neuronal IF proteins both in normal development and in neurodegenerative disease. These mechanisms are described in more detail in a recent review (61) .
Neuronal IF inclusion disease. A recently described disease that involves neuronal IFs is neuronal IF inclusion disease (NIFID)
. This disease was first described in 2004 in a series of reports by Cairns et al. (62, 63) . Microscopically, this disease is characterized by neuronal IF inclusions that contain neither synuclein nor tau. Thus, NIFID is clearly distinguished from other diseases that involve filamentous inclusions, such as synucleinopathies (e.g., Parkinson disease and multiple system atrophy), tauopathies (e.g., Alzheimer disease and frontotemporal dementia and parkinsonism linked to chromosome 17 ), and motor neuron disease. The inclusions in NIFID are unusual in that α-internexin has been found to be a major component. Although α-internexin immunoreactivity has been observed in other neurodegenerative disorders, it is generally a relatively minor component of the pathological neuronal inclusions in these diseases. The prominent clinical phenotype of NIFID is frontotemporal dementia, and the most common symptoms are behavioral and personality changes. Language impairment, perseveration, executive dysfunction, hyperreflexia, and primitive reflexes are frequent signs of the disease. Histological changes are extensive in many cortical areas, deep gray matter, cerebellum, and spinal cord. In the initial reports of the disease, the mean age of onset was 40.8 years, and the mean age of death was 45.3. However a recent report described a patient who developed the disease at 70 years of age (64) . The number of cases of NIFID is still small, and no genetic mutations leading to NIFIDs have been described. However, it is interesting to note that gigaxonin-deficient mice have α-internexin-positive inclusions that have been described as highly reminiscent of the inclusions found in human NIFID (65) .
Overexpression of α-internexin in transgenic mice leads to neurofilamentous inclusions in the large pyramidal neurons of the neocortex and in the ventral anterior and posteromedial nuclei of the thalamus (58) . However, the most obvious pathology in these mice is found in the cerebellum, where numerous swellings of the proximal portions of the axons of Purkinje cells have been observed. These swellings, known as torpedoes, are filled with massive disoriented neuronal IFs. The mice have a deficit in motor coordination that correlates with the morphological changes in Purkinje cells. Furthermore, the neurofilamentous inclusions lead to progressive loss of neurons in aged transgenic mice that is dependent on the level of α-internexin overexpression. Other correlations between the presence of torpedoes and cerebellar disorders have been made primarily in animal models (66, 67) . However, it is interesting to note that an increased number of cerebellar torpedoes have been observed in a subtype of essential tremor, a syndrome characterized by a slowly progressive postural and/or kinetic tremor that is present in as many as 23% of individuals more than 65 years old (68, 69) . This abundance of cerebellar torpedoes could ultimately lead to Purkinje cell loss, suggesting that essential tremor could be of potential interest in the studies of neuronal IF dysfunctions.
Charcot-Marie-Tooth disease. Studies in transgenic mice have suggested that overexpression of neuronal IF proteins can result in neurofilamentous inclusions. However, not all of these inclusions lead to neurodegeneration ( Table 3 ). The direct relationship between mutations in the genes encoding neuronal IF proteins and neurodegeneration has until recently been unresolved. It was therefore of considerable interest when mutations in NEFL were correlated with the neurodegenerative disease CharcotMarie-Tooth disease (CMT) (70, 71) .
CMT is an inherited peripheral neuropathy that has been linked to mutations in multiple genes (72, 73) . It is a highly prevalent sensory and motor neuropathy, with approximately 1 per 2,500 people affected in the general population worldwide. The disease was originally subclassified into CMT1 and CMT2 based on nerve-conduction velocity (NCV): CMT1 patients have a reduced NCV, whereas CMT2 patients have relatively normal NCV. CMT1 is generally a demyelinating neuropathy, whereas CMT2 is axonal. The existing clinical overlap between different types of CMT suggests a common pathogenic mechanism, and there is a relationship between demyelination and axonal degeneration. Both these forms of CMT are slowly progressive bilateral neuropathies with distal predominance; patients lose the normal use of their limbs, as nerves to the extremities degenerate. Patients show a high degree of heterogeneity, both in the clinical presentation and at the genetic level. Mutations in a number of genes important for myelin formation and maintenance have generally been identified as causing CMT1 as well as CMT3 and CMT4 (CMT3 is a particularly severe demyelinating form of CMT, whereas CMT4 is an autosomal recessive form) ( Table  4) . These include mutations in peripheral myelin protein 22 (PMP22), myelin protein 0 (P0), gap junction membrane channel protein β1 (GJB1, also known as connexin 32), and early growth-response 2 (EGR2), which encodes a transcription factor that binds to the GJB1 promoter (reviewed in ref. 73 ). The first gene found to be associated with CMT2 was NEFL, and this association was observed in two different families resulting from two different mutations (70, 71) . Other mutations that cause CMT2 are listed in Table 4 .
These first two CMT-associated NEFL mutations encode changes in the rod domain (Q333P) and the head domain (P8R) of NFL (Figure 1 ). The two mutations were found to cause disruption of filament assembly in transfected nonneuronal cells (74) . This effect was dominant, since wild-type NFL could not rescue the assembly defect. Furthermore, in transfected cultured neuronal cells, the two mutations also affected both slow and fast anterograde and retrograde axonal transport and perturbed the localization and transport of mitochondria (75, 76) . Mutant NFL also caused the fragmentation of the Golgi apparatus and increased neuritic degeneration. Although these studies were done in cells overexpressing the mutant proteins, the dominant effects are consistent with the disease, suggesting that generalized defects in axonal transport could be responsible for this neuropathy.
Since the first two CMT-linked NEFL mutations were described, additional mutations in NEFL have been identified both in families and in individual CMT cases (77) . These mutations primarily encode changes in the head and rod domain. Two mutations that were described in the tail domain turned out not to be pathogenic. Patients with NEFL mutations are generally classified as having CMT2E (although some have been classified as having CMT1F), because of a markedly reduced NCV more typical of CMT1. The mutations lead to disease with different ages of onset and sever- ity. Electron micrographs from patients with dx mutations show pathological hallmarks characteristic of CMT, including concentric sheaths ("onion bulbs") that are consistent with a myelination defect (77, 78) . This suggests crosstalk between the mutant NFL in the axon and the surrounding myelin. EM studies from patients with other NEFL mutations show giant axons, i.e., axonal swellings surrounded by an extremely thin myelin sheet, and in one case many myelinated fibers consisting exclusively of microtubules with few or absent neuronal IFs (79) (Figure 2, C and D) . The pathology overlaps with the previously described GAN, which is also classified as a neuronal CMT (72) . A number of CMT-associated NEFL mutations have been tested for their ability to self assemble and coassemble with wild-type NFTPs (80) . The results showed that all pathogenic mutations disrupted the assembly and transport of neuronal IFs. Transfection experiments have been helpful in determining whether a mutation is pathogenic. In one study, two unrelated patients were identified with the same mutation in the rod domain (I214M) (81) . Transfection studies showed no abnormalities in filament assembly, and one of these patients had a sibling who did not carry the NEFL I214M mutation but still developed CMT. Therefore this mutation is unlikely to be the main cause of CMT in these two patients, although it is possible that it was an additional risk factor for the disease. In another case, a duplication/insertion mutation in NEFL in a patient with CMT resulted in expression of a truncated NFL protein that contained only a portion of the head domain (82) . This truncated NFL was apparently sufficient to disrupt neurofilament assembly in transfected cells. A large-scale study on CMT patients has determined that mutations in NEFL are responsible for approximately 2% of CMT cases and a high percentage of CMT2 cases (77) .
Mutations in the genes encoding two proteins that can interact with neurofilaments have also been shown to cause CMT. HSPB1 (also known as Hsp27) has been reported to interact with a number of IF proteins and influence their assembly. Mutations in HSPB1 have been reported to cause a new subtype of the axonal form of CMT, CMT2F (83) . In cotransfection experiments, mutant HSPB1 was found to have an inhibitory effect on the assembly of NFL in transfected cells. Further studies in cultured motor neurons showed that the coexpression of wild-type HSPB1 diminished the aggregation of CMT mutant NFL, whereas the expression of mutant HSPB1 resulted in progressive degeneration of motor neurons as well as disruption of the neurofilament network, consistent with studies in nonneuronal cells (84) . A second protein that interacts with NFL and has been linked to CMT is myotubularin-related protein 2 (MTMR2) (85) . Mutations in MTMR2 cause a subtype of CMT, called CMT4B (Table 4) , and mutant MTMR2 induces abnormal NFL assembly in transfected cells (86) . It should be noted that mice lacking MTMR2 develop a CMT-like neuropathy, including several characteristics of dysmyelination (87) . This same phenotype was observed following Schwann cell-specific MTMR2 inactivation, whereas neuron-specific inactivation did not result in an obvious phenotype (88) . As described before, NFLdeficient mice do not exhibit a CMT-like neuropathy (52) . However, despite their apparently normal appearance, they do exhibit loss of motor neurons and markedly reduced axon diameters; it is therefore possible that the NFL assembly defects induced by disease-linked MTMR2 mutations could contribute to the pathogenesis of CMT4B in humans.
Amyotrophic lateral sclerosis. One disease in which neurofilamentous accumulations have long been described is amyotrophic lateral sclerosis (ALS, often known as Lou Gehrig's disease) (89, 90) , a progressive, fatal neurodegenerative disease caused by the degeneration of motor neurons. Motor neurons in patients with ALS accumulate protein aggregates of neuronal IFs, spheroids, in the perikarya and axons. Because of the presence of neuronal IFs in these spheroids, several studies have searched for mutations in the genes encoding NFTPs and there are reports of codon deletions in the tail domain of NFH in sporadic ALS cases as well as some potential mutations in the tail domain of NFM (91, 92) . However, no mutations in genes encoding NFTPs have been identified in familial cases of ALS, and there are no published reports of assembly studies in cells transfected with the putative sporadic ALS NFH and NFM mutants. Superoxide dismutase 1 (SOD1) is mutated in 10% of familial cases of ALS, and the association of neurofilaments and SOD1 has been studied in a number of transgenic mouse models. There are a number of excellent review articles on this association, and we therefore do not discuss them here (see, for example, refs. 51, 93). Instead, we limit our discussion to the most recent studies describing the linkage between ALS and peripherin mutations.
Peripherin has been found in spheroids of motor neuron disease together with neurofilaments (94) . Furthermore, peripherinpositive Lewy body-like inclusions, a type of cytoplasmic inclusion that usually contains α-synuclein and is abundant in the brains of patients with Parkinson disease, have been observed in motor neuron perikarya of 9 of 40 ALS cases (and not in controls). These inclusions do not express αB-crystallin, NFTPs, α-internexin, actin, or α-synuclein (95) . Peripherin overexpression in transgenic mice results in late-onset motor neuron disease (Table 3 ). This defect is exacerbated if the mice also lack NFL.
Several additional studies point to a role for peripherin in ALS. A recently identified splice variant of mouse peripherin that results in an aberrant peripherin protein has been linked to ALS (96) . This form of peripherin includes intron 4, which is spliced out of the most abundant form of the protein, keeping the reading frame and thereby resulting in a larger form of peripherin (Per61) (Figure 1 ). An antibody specific for a peptide encoded by this intron stains the filamentous inclusions in the SOD mutant mouse model of ALS and also axonal spheroids in tissue from individuals with ALS. The latter result is puzzling, since inclusion of human intron 4 would lead to a truncated protein unless there is also a frame shift. In a later study, a novel human peripherin transcript that retains both introns 3 and 4, which are spliced out of the most abundant form of human peripherin, resulting in a truncated peripherin (Per28), was described (Figure 1 ). Per28 was upregulated at both the protein and mRNA levels in a case of human ALS, and an antibody specific for Per28 stained the filamentous inclusions (97) . These studies suggest that missplicing of peripherin could lead to disease. These are very intriguing results that should be followed up.
Additional reports have also implicated mutations in peripherin with ALS. These studies include sequencing the peripherin gene in sporadic and familial ALS cases. In one study, eighteen polymorphic variants were detected in both ALS and control populations, and two variants were discovered only in ALS cases (98) . One of these variants consists of a single base pair deletion in exon 1 of the peripherin gene that generates a truncated peripherin of 85 amino acids. This truncated peripherin disrupts neuronal IF assembly in transfected cells, similar to the CMT-linked truncated NFL mutant described above (82) . One of the variants described in this study was also identified in a second study. In this case, the patient had this variant in both copies of peripherin (99) . Assembly studies suggested that this peripherin variant was not sufficient to cause assembly defects by itself, but the variant could not self assemble, consistent with the fact that the patient had both copies of peripherin mutated.
Concluding comments and future directions
In this review, we have described some of the recent evidence of the roles that dysfunctions of IFs of neurons and glial cells may play in neurodegenerative diseases. Transgenic mouse models have been somewhat helpful in delineating the course of these diseases, although the results of knockouts and overexpression of normal and mutated IF proteins in transgenic mice have not always been completely clear-cut. A number of investigations regarding the roles of IF proteins are being pursued. Among these are the roles of the links between the various cytoskeletal elements as well as the role that IF proteins may play in signaling. Interactions between IFs and plakin proteins, which link cytoskeletal elements together and connect them to cell junctions, are known to occur and have now also been observed for GFAP and plectin (19) . Other plakins are expressed in the nervous system and may also interact with IF proteins. In an in vitro study, PKCε was shown to associate with peripherin by immunoprecipitation and induce its aggregation. This aggregation was coupled with an increase of apoptosis, and both aggregation and apoptosis could be suppressed using siRNAs to PKCε (100). Keratin IFs have been shown to be regulators of key signaling pathways that control cell survival and cell growth (101) . We would expect that IF proteins in neurons and glial cells could also play similar roles, and these are areas that are open for future investigations. Although not described in detail in this Review, recent studies on mRNA stability of neuronal IFs and their link to neurodegeneration clearly are also areas open for future work (61) .
The involvement of IF proteins in neurodegenerative diseases leads to the obvious question as to potential therapeutics. To screen potential drugs, cell-culture systems expressing mutant IF proteins resulting in aggregates are possible starting points. If compounds that can alleviate these aggregates can be identified, the transgenic mouse models would be helpful in determining whether these compounds work in a whole animal. Additional transgenic mouse models are also still needed; for example, there are no published mice expressing the mutant forms of NFL that cause CMT2.
